Abstract | The skeleton is one of the most common sites for metastatic cancer, and tumors arising from the breast or prostate possess an increased propensity to spread to this site. The growth of disseminated tumor cells in the skeleton requires tumor cells to inhabit the bone marrow, from which they stimulate local bone cell activity. Crosstalk between tumor cells and resident bone and bone marrow cells disrupts normal bone homeostasis, which leads to tumor growth in bone. The metastatic tumor cells have the ability to elicit responses that stimulate bone resorption, bone formation or both. The net result of these activities is profound skeletal destruction that can have dire consequences for patients. The molecular mechanisms that underlie these painful and often incurable consequences of tumor metastasis to bone are beginning to be recognized, and they represent promising new molecular targets for therapy.
Introduction
The growth of disseminated tumor metastases is a major cause of mortality in patients with cancer. During the formation of a primary lesion, tumor cells undergo a variety of molecular and epigenetic events that eventually permit them to 'escape' from the primary tumor site. 1 The now well-accepted 'seed and soil hypothesis' of Paget 2 in essence proposes that tumor metastasis requires a series of specific interactions between tumor cells and normal host stromal cells resident at both the primary and secondary sites. 3 Primary tumors constantly release cells that invade the surrounding normal tissue via the production of proteases, which allows tumor cells to cross small blood vessels in the adjacent normal tissue and enter the circulation. Once in the circulation, tumor cells interact with normal circulating cells, such as neutrophils, erythrocytes, T cells, as well as with circulating platelets, and home to distant organ sites, including bone. Although the migration of cancer cells is well-orchestrated and not a random process, the identification of the basic cellular and molecular processes that regulate their movement and subsequent arrival and survival at distant sites remain elusive; 4 however, little doubt exists that modulation of both the local host and tumor microenvironments is critical for the completion of the complex, multistep metastatic cascade ( Figure 1 ). [5] [6] [7] [8] [9] This Review summarizes the cellular and molecular compo nents of the metastatic cascade and highlights potential new directions for future therapeutic strategies to target bone metastasis.
Bone metastasis
Bone is a common site for metastasis owing to high blood flow in the red marrow; the presence of adhesive molecules on tumor cells that bind them to stromal cells in the bone marrow; and the production of angiogenic factors and bone-resorbing factors that enhance tumor growth, thereby providing access to the resorbed bone matrix for subsequent tumor adhesion and proliferation. 10, 11 The primary cancers that most frequently metastasize to bone are breast and prostate cancer, amongst many others (Table 1) . [12] [13] [14] Cancer cells that survive the rigors of the systemic circulation invade sinusoids in the bone marrow cavity in preparation for progression to a bone meta stasis. These highly specialized cancer cells must possess certain phenotypic characteristics for bone meta stasis to occur. To accomplish the complex series of steps of the metastatic cascade ( Figure 1 ) and establish outgrowth in the bone marrow (and eventually in bone), it is critical for tumor cells to migrate across the si nusoidal wall; invade and survive in the bone marrow stroma; stimulate their own vascular supply; and migrate to the relative safety of the bone surface. Once in close proximity to the endosteal bone surface, which is completely covered by lining cells, and in conjunction with local resident bone marrow stromal cells, the tumor cells release agents that stimulate the motility of lining cells and activate bone resorption, thereby providing access to the demineralized bone surface. Each step in the metastatic cascade and the particular phenotypic characteristics of the tumor cell throughout the process represent a valid target for treatments that abrogate the metastatic process. bone microenvironment, 9, 11, 15 whereas osteo blastic metastases are the result of the release of factors that stimulate osteoblast proliferation, differentiation and subsequently uncontrolled bone formation by metastatic cancer cells ( Figure 2) . 16, 17 Purely lytic or sclerotic bone lesions are, however, but two extremes of a spectrum of activity that drives tumor destruction of bone, and both processes are typically present in any skeletal site affected by metastases. Accordingly, bone metastases are typically characterized as 'lytic' , 'sclerotic' or 'mixed' , according to the radiographic and/or pathologic appearance of the lesions. 18 The tumor-associated activity can be visualized clinically, via the measurement of bone biochemical markers or by radiographs, and pathologically, by measurement of osteoclast numbers and resorption lacunae. These analyses are valuable even in sclerotic, bone-forming lesions. 18 Bone resorption and bone formation are tightly linked ( Figure 2 ); although this coupling may become disrupted in cancer, it is nevertheless always present. In fact, as demonstrated by the clinical measurement of bone biochemical markers (Box 1), 19 both bone resorption and bone formation acti vity may be elevated in patients with primary breast cancer but without clinical evidence of bone metastasis. 20 
Osteolytic metastasis
Osteolytic lesions are the most common feature of multiple myeloma-a primary bone tumor-and breast cancer, as well as a variety of other cancers (Table 1) . 18 As a densely mineralized tissue with high rigidity and modulus, bone represents an especially harsh environment for any tumor cell to establish and grow. 21 Osteolysis is caused by tumor stimulation of osteoclast differen tiation and acti vity rather than by any direct effects of cancer cells on the skeleton. 22 In other words, invasive capa bilities are, of course, essential for tumor progression, but the Key points ■ Bone is a common site of metastasis for many tumors, such as breast, lung and prostate cancer ■ A continuum of bone metastasis exists that extends from primarily osteolytic lesions with limited osteoblast activity to bone metastases that are predominantly osteoblastic, with limited osteoclast activity ■ The complex interactions between circulating tumor cells, circulating host cells, platelets and cell-derived factors are critical for tumor establishment at metastatic sites ■ Tumor activation of bone resorption is complex and involves both receptor activator of nuclear factor κB ligand (RANKL)-dependent and RANKL-independent mechanisms ■ Targeting bone resorption with bisphosphonates reduces osteolytic bone resorption and improves disease-free survival ■ All steps in the metastatic process and the interaction with host cells are valid therapeutic targets for the treatment of bone metastasis and tumor progression critical and charac teristic phenotype that tumor cells must acquire in order to meta stasize to and invade the skele ton is the ability to ultimately stimulate bone resorption. 21, 23 This function, uniquely performed in mammals by monocyte/ macrophage-derived osteoclasts, provides an environment that is receptive to transiting tumor cells and allows them to survive and proliferate. 11 In fact, tumor stimulation of osteoclastic bone resorption at the bone marrow-bone interface is required for tumor establishment as a bone metastasis within the strict confines of the mineralized structure of bone. 21 
Osteoblastic metastasis
Although the dominant lesion type in bone metastases that arise from breast cancer is lytic, an associated local bone formation response almost always occurs. As many as 25% of patients with bone metastases caused by breast cancer also have osteoblastic lesions. 18 This phenomenon a c b Figure 1 | Steps involved in tumor cell metastasis from a primary site to the skeleton. Each of the steps in the metastatic process offer potential points of therapeutic intervention to reverse or prevent the development of bone metastasis. a | In the primary tumor, both tumor cells (shown in green) and local stroma (shown in brown) interact via a variety of mechanisms to enhance tumor cell migration and escape into the systemic circulation. b | Once in the vasculature, tumor cells interact with resident host blood-borne cells, such as erythrocytes, T cells and neutrophils and with platelets, which facilitate survival in the circulation. c | In the bone marrow, the tumor cells escape from the vasculature (extravasation) into the bone marrow where they interact with resident bone marrow cells for subsequent survival and eventual activation of resident bone cells, such as osteoclasts (shown in red). As a result, a bone metastatic foci is formed.
www.nature.com/nrendo presumably represents a physio logical attempt to activate bone repair. 24 The increased bone formation in cancer patients with osteo lytic lesions can be measured clinically via increased serum alkaline phosphatase levels, a marker of osteoblast activity, or increased uptake of technetium diphos phonate in clinical bone scans-a diagnostic test that identifies the presence of increased cellular activity and of meta stases. However, despite the secondary increases in local tumor-induced bone formation, the predominant effect of bone metastasis in breast cancer remains substantial bone loss. This effect is presumably related to the different efficiencies in bone resorption versus bone formation, as bone resorption is far more rapid than any bone formation response.
In prostate cancer, bone metastases are primarily osteoblastic. 25, 26 In these metastatic sites, local stimulation of osteoblast activity results in bone formation directly adjacent to the metastatic tumor. 25 These lesions avidly take up technetium diphosphonate in bone scans. Parameters of osteoblast activity, such as alkaline phosphatase and osteocalcin levels, are also significantly elevated. Nevertheless, many patients with prostate cancer will also exhibit osteo lytic components in bone lesions. 27 
Bone resorption and formation in metastasis
Coupling of bone turnover The evidence that both bone resorption and formation are activated in the majority of bone metastases is extensive and includes the following. 28 First, the bio chemical markers of osteoblast activity are often significantly elevated. Second, the increased uptake of technetium diphosphonate at sites of bone metastasis identifies the presence of increased cellular activity and meta stasis. Third, in osteoblastic metastases from prostate cancer, the serum markers of bone resorption are frequently more markedly increased than in osteolytic metastases. [29] [30] [31] In numerous in vivo studies of tumor progression and metastasis in immunodeficient and immunocompetent animals, histomorphometric evaluation of bone metastases identified coupling between bone resorption and bone formation associated with tumor progression. [32] [33] [34] [35] [36] The initial activation of osteolysis is characterized by dramatic increases in osteoclast activity that are directly associ ated with increases in systemic bone resorption markers ( Figure 2 ). The bone resorption activity is then followed by an increase in bone formation, as occurs in normal bone remodeling, where bone resorption always precedes bone formation. 37 
Uncoupling of bone turnover
As is to be expected given the complexity of human cancer, some clear exceptions to the general concept that tumors contain both lytic and blastic components exist. In some patients, bone lesions can be purely lytic. For example, in multiple myeloma, tumor cells resident in bone marrow cause exclusively osteolytic lesions, with a decrease or even an absence of osteoblastic bone formation adjacent to the tumor. 38 The uncoupling of bone resorption and bone formation is a defining feature of multiple myeloma that is reflected by the increased osteoclast number and activity in the regions surrounding the tumor. 39 These same regions are also devoid of osteoblasts. 39 The selective impairment of osteoblast activity in myeloma results primarily from the blockade of osteogenic differentiation of mesenchymal progenitors to mature osteoblasts, 40 and suppression of osteoblast activity plays a key part in the process of bone destruction, as well as tumor progression. The bone marrow microenvironment in which myeloma cells survive is crucial for tumor initiation and expansion and has a pivotal role in the extensive resistance to radiotherapy and chemotherapy that is charac teristic of this disorder. 10 The effects of ionizing radiation on the growth of myeloma cells was investigated in the presence or absence of the potent antiangiogenic agent anginex in a mouse model of myeloma bone disease. 41 Interestingly, radiation or anginex alone significantly diminished tumor growth. Tumor burden remained low 4 weeks after the withdrawal of antiangiogenic therapy and radiation treatment in these mice, whereas it was significantly increased in mice that had received no treatment, radiation alone or antiangiogenic therapy alone. Thus, radiation, primed by an appropriate antiangiogenic agent, may have potential not only as a therapy for focal myeloma bone disease 41 but also to treat bone metastasis.
By contrast, some purely osteoblastic lesions such as those seen in osteosarcoma-the third most common malignancy in children and adolescents that accounts for approximately 5% of all cancers in these age groupshave elevated bone formation markers without substantial changes in resorption. 42 The bone marrow microenvironment
The development of a bone metastasis replicates the many steps required for metastasis to any distant organ ( Figure 1 ). This series of events is largely inefficient, as the vast majority of tumor cells that enter the circulation do not survive the normal protective host-surveillance mecha nisms. 8, 9, 11 In addition to the relatively few metastatic cancer cells that reach and inhabit the bone marrow, cells resident in the bone marrow microenvironment markedly contribute to the development of tumor cell foci. These host cell types are generally considered to be either transient cells or resident stromal cells (Figure 3 ). Head and neck 12
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Transient cells
Of the many transient cell types in the metastatic bone marrow microenvironment, such as neutrophils, erythrocytes, T cells (derived from hematopoietic stem cells) and other immune cells, the platelet is among the most interest ing. Platelets are small, irregularly-shaped a nuclear cell fragments, some 2-3 μm in diameter, that are derived from fragmentation of precursor megakaryocytes. Platelet adhesion to circulating tumor cells was originally thought of as a 'cloak' that tumors use to evade the innate immune system during metastasis. 44 However, the role of platelets in tumor metastasis has clearly expanded beyond the avoidance of immune surveillance. A role for platelets has emerged with notable platelet contributions evident in tumorigenesis, inflammation and bone resorption. Adhesion between platelets and tumor cells and interactions of tumor cells with other circulating cells support tumor survival in the circulation. It seems reason able to presume that the increased survival advantage in and outside of the vasculature offered by these inter actions is critically important for the ability of tumor cells to colonize distant target organs.
Platelets play a fundamental part in hemostasis and are a natural source of growth factors. 45 The adhesion of platelets to MDA-MB-231 breast cancer cells induces the release of lysophosphatidic acid from platelets, 46 which subsequently stimulates secretion of the potent angiogenic and pro-osteoclastogenic agent inter leukin 8 (IL-8) from tumor cells. 47 In other studies using transgenic mice congenic for expression of a dysfunctional plateletspecific glycoprotein GPIb-IX receptor complex, lung meta stasis induced by B16F10.1 melanoma cells was reduced 15-fold, indicating that the extra cellular domain of the platelet-specific GPIb-IX receptor complex mediates lung metastasis. 48 The same mouse model also demonstrated a surprising high bone mass phenotype, the result of decreased osteoclast formation. 49 These data strongly implicate the platelet in the regulation of the local bone marrow microenvironment, a finding worthy of further interrogation, and suggest that interactions between platelets and tumor cells might mediate local changes in bone resorption, vascularity and inflammation. 49, 50 Resident cells The vascular endothelial cell component of the bone marrow provides a microenvironment that is favorable to the circulating tumor cells. The high vascularity of In humans, bone is repeatedly removed and replaced by the continuous and well-managed processes of bone resorption (by osteoclasts) and bone formation (by osteoblasts). Collectively, these coupled processes comprise the bone remodeling cycle that is the fundamental physiologic process responsible for the maintenance of bone mass and strength. The process of bone remodeling is highly ordered and is mediated by changes in the activities of multinucleated osteoclasts (monocyte/ macrophage-derived cells) and osteoblasts (mesenchymal-derived cells). Following activation of osteoclastogenesis and recruitment to the bone surface, activated precursors fuse, become multinucleated, form a ruffled border and begin excavation of the bone surface. During the process of bone resorption, catalytic fragments of bone matrix type I collagen (NTx and CTx) are released and enter the systemic circulation. As resorption is completed, mesenchymal osteoblast precursors are recruited to the previously resorbed bone surface and osteoblastogenesis occurs, which results in the differentiation of active, cuboidal osteoblasts. These secretory cells lay down osteoid that is eventually mineralized so that the previously resorbed surface is replaced with an equal quantity of newly formed bone. During the process of bone formation, the osteoblasts secrete characteristic protein markers, alkaline phosphatase (ALP), osteocalcin (OC) and procollagen type 1 aminoterminal propeptide (P1NP), which are the clinical markers correlated with bone formation activity.
In cancer patients with bone metastases, tumor cells disrupt the normal process of bone resorption and bone formation, leading to increased bone destruction and/or aberrant bone formation. Abbreviations: CTx, carboxyterminal crosslinking telopeptide of type I collagen; NTx, aminoterminal crosslinking telopeptide of type I collagen.
Box 1 | Biochemical markers of bone remodeling
During the process of bone remodeling, the activity of osteoblasts and osteoclasts results in the release of proteins or peptides that reflect cellular activity. Resident stromal cells, such as mesenchymal stem cells-the precursors of adipocytes, fibroblasts, chrondrocytes or osteoblasts-support the proliferation, differentiation and survival of bone marrow hemato poetic cells, as well as of circulating metastatic tumor cells. 52 The heparan sulfate proteoglycans and carbohydrates that deco rate the tumor cell surface and the enzymes that modify these molecules, such as heparanase, act to promote the survival, growth and metastasis of tumor cells via a variety of mechanisms. [53] [54] [55] Similarly, the expression of activin A by bone marrow stromal cells in multiple myeloma stimulates osteolysis and decreases osteoblastogenesis, and treatment with a soluble activin A receptor (RAP011) significantly inhibits myeloma bone disease. 56 
Activation of tumor cells
The time frame for activation of disseminated tumor cells and/or local bone marrow and bone cells is highly vari able and is a critical concept known as 'tumor dormancy' . A growing body of evidence supports the rediscovered 'stem cell theory' of cancer (Box 2). 57 This idea proposes that tumors contain rare cells with infinite growth potential and a variable affinity for distant metastasis. 58 However, whether tumor stem cells are bona fide stem cells or a highly malignant and specific cellular sub population remains to be determined. 59 Some evidence even suggests that tumor-propagating cells, unlike true stem cells, are relatively common. 60 Regardless of whether tumorinitiating cells are indeed stem cells that have undergone transformation or some other progenitor or cancer cell that has gained specific stem cell functions, such as self-renewal, tumor-proliferating cells evidently possess certain properties of stem cells. 11 Although extremely difficult to define and identify, these elusive cell populations remain an attractive and viable therapeutic target with the potential to radically alter treatment approaches.
Molecular mediators of bone metastases
Osteolytic mediators
Transforming growth factor β Once resident in bone, tumor cells, as well as factors released by the primary tumor, activate bone resorption and release transforming growth factor β (TGF-β) from stores in the bone (Figure 3) . TGF-β signaling occurs after specific ligand binding to the type II receptor serine kinase (TGFβRII) on diverse target cells. 61 TGFβRII activation results in phosphorylation of the type I receptor (TGFβRI) and signal transduction via phosphorylation of the downstream, regulatory Smad substrates Smad2 and Smad3. (1) The release of tumor-derived factors, such as parathyroid hormone-related protein (PTHrP), interleukin 8 (IL-8), tumor necrosis factor (TNF), transforming growth factor β (TGF-β), heparanase and many others, enhances osteoclast activation and bone resorption via RANKL-dependent and RANKL-independent mechanisms. Bone resorption results in the release of bone-derived growth factors that support tumor proliferation. Tumor activation also drives the activation of local stromal cells and platelets that may also enhance tumor proliferation. ( 2) The production of growth factors such as fibroblast growth factors (FGFs), bone morphogenetic proteins (BMPs), TGF-β and Wnt family members by metastatic tumors stimulates osteoblast activity, leading to increased bone formation. The result of the enhanced osteoblast proliferation and activity is again tumor stimulation, as well as the normal coupling responses to help enhance osteoclastogenesis and bone resorption. Collectively, these numerous cellular interactions drive all of the well-described skeletal consequences of bone metastasis and result in the inappropriate bone formation and bone resorption characteristic of bone metastasis.
Box 2 | Models of metastasis
A number of contrasting theories have re-emerged that provide possible explanations for the metastatic selectivity of cancer. 123 The 'traditional metastasis model' suggests that select subpopulations of tumor cells acquire metastatic capacity during the late stages of tumorigenesis. 123, 124 This concept seems improbable, as numerous investigators have demonstrated that the vast majority of tumor cells, independent of tumor stage, have the potential to develop into a metastasis. 123, 124 The 'dynamic heterogeneity theory' suggests that the metastatic potential of tumor cells is determined by the rate at which tumor variants with increased metastatic potential occur within the primary tumor site. 125 The 'clonal selection theory' proposes that all primary tumors evolve from the same cell, and development of a primary tumor is the consequence of a series of multiple molecular changes resulting in clonal selection. This complex process specifically alters the phenotype of the tumor cell, allowing acquisition of different tumor-specific characteristics, such as the ability for site-specific metastasis. 8, 59 The 'stem cell theory' of cancer proposes that the site selectivity of metastasis is the result of the activation of the so-called cancer stem cell compartment within a specific organ, such as the breast. 59 As these metastatic models are not mutually exclusive, it is reasonable to assume that a variety of as yet uncharacterized genetic, molecular, cellular and cell type-specific mechanisms regulate tumor initiation and metastasis to and survival within the skeleton, presumably involving features of all theories. 59 TGF-β released from bone inhibits T-cell proliferation and activity and the function of NK (natural killer) cells, 63 thereby suppressing the immune system. In addition, the enhanced release of tumor-secreted factors such as parathyroid hormone related peptide (PTHrP) and IL-8 can activate T cells, thereby increasing the process of bone resorption, while suppressing T-cell function. 63 As a result, antibody-producing B cells, so-called plasma cells, upregulate expression of CXC-chemokine receptor 4 (CXCR4) upon completion of differentiation. This upregulation is a signal to which both cancer cells and stromal cells respond. Both cell types commonly express the CXCR4 ligand stromal-derived factor-1 (SDF-1; also known as CXCL12). 64 This ligand-receptor interaction has been suggested to facilitate cancer-cell migration throughout the bone microenvironment. 65 In addition to its well-described mediation of osteo lytic bone metastasis, 9,66 TGF-β released from the mineralized bone matrix during osteoclastic bone resorption has direct effects on tumor progression in bone. 67 Thus, both tumor cell-derived and bone-derived TGF-β stimulates local cell proliferation in the bone marrow microenvironment. 17 TGF-β is also secreted by resident bone marrow cells, contributing further to innate immune su ppression and local bone marrow activation. 17 As many tumor types secrete TGF-β and respond to it by enhanced invasion and metastasis, targeting of TGF-β signaling pathways via direct antitumor actions or immuno modulation of the tumor microenvironment and/or effects on bone is a valid approach for the treatment of bone metastasis. In support of this concept, small molecule TGFβRI inhibitors have been shown to induce a variety of skeletal changes, including increased bone mass and improved bone material properties; 68 results of current ongoing clinical trials are eagerly awaited.
PTHrP and RANKL
Perhaps the most studied mediator of osteoclast stimulation in bone metastasis from breast cancer is tumor-derived PTHrP. The initial cloning and identification of PTHrP from metastatic human lung cancer cells 69 and its demonstration as the causal agent of the humoral hypercalcemia of malignancy 70 identified it as a previously unrecognized hormone. These observations initiated an ongoing series of studies focused on the role of PTHrP in bone metastasis.
PTHrP stimulates osteoclast activity via the cytokine RANKL (receptor activator of nuclear factor κB ligand), which causes osteoclast formation and activation by binding to its receptor RANK on osteoclasts and their precursors. 71, 72 RANKL is the primary physiologic mediator of osteoclast formation, function and survival, and the vast majority of pro-osteoclastogenic agents work via upregulation of RANKL. 73 The first clinical evidence that PTHrP was an important mediator of bone metastasis in patients with breast cancer was the observation that osteolytic human breast tumors express PTHrP, and PTHrP expression was greater when the tumor cells were present at the metastatic bone site rather than at soft tissue sites or at the primary tumor site in the breast. 74, 75 As subsequently shown, the vast majority of bone metastases that arise from breast cancer (>90%) express PTHrP, which led to the conclusion that PTHrP is the major osteoclastogenic factor secreted by metastatic tumor cells. 21 However, although strong evidence from numerous preclinical studies supports the concept that PTHrP is an important local mediator of osteolytic bone lesions, 9, 76 clinical data from an antihuman PTHrP antibody trial in the treatment of bone metastases from breast cancer are currently lacking.
By contrast, a large prospective clinical trial demonstrated that the role of PTHrP is not in mediating metastasis but in other stages of cancer progression. 77 PTHrP expression by primary breast cancers was associated with improved prognosis and decreased meta stasis to all sites, including bone. 77 This result implicated an activity that remains unknown but is distinct from the wellcharacterized and widely accepted osteolytic action of tumor-derived PTHrP in bone. 9 In other words, the pheno type of metastatic breast cancer cells in bone, including the expression of PTHrP, is distinct from the phenotype of the tumor cells at the primary tumor site in the breast. Conceivably, the expression of PTHrP at sites of bone metastasis is the result of the tumor cells' successful completion of the metastatic cascade ( Figure 1 ) and the influence of the bone microenvironment.
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RANKL-independent mediators
Based on the complex interactions that mediate all aspects of tumor metastasis, the notion that RANKL activation and the TGF-β-PTHrP axis are the sole mediator of tumor osteo lysis is naive. Metastatic breast cancer cells that reside in the bone marrow microenvironment secrete a plethora of osteolytic factors, 9,11 capable of stimulating osteoclast forma tion and bone resorption via both RANKL-dependent and RANKL-independent mechanisms. 15, 47, [79] [80] [81] [82] [83] [84] [85] The most compelling evidence that supports RANKLindependent effects on tumor-induced osteoclasto genesis and osteolysis come from clinical trials of the fully human RANKL antibody (denosumab) in patients with bone metastases and elevated bone resorption. 86 In one study, patients with bone metastases treated with denosumab every 4 or 12 weeks had significantly decreased urinary N-telopeptide levels more frequently than patients treated with an intravenous bisphosphonate. 87 Interestingly, bone resorption was decreased to only about 75-80% of baseline levels, not 100% as might be expected if RANKL alone was driving osteoclast formation and function in these patients. Similar levels of inhibi tion of resorption were reported in earlier denosumab trials, which used a variety of doses, in patients with myeloma or bone metastas is from breast cancer. [87] [88] [89] [90] [91] The observations in patients with cancer treated with denosumab are in stark contrast to the level of suppression of bone resorption observed in patients with post menopausal osteoporosis. In this group of patients, treatment with denosumab elicited reductions in mean levels of serum C-telopeptide of >90%, as might be expected if RANKL is the primary osteo clastogenic agent. 92 These data demonstrate the efficacy of the RANKL antibody for the inhibition of osteolysis in patients with cancer, but also reveal that in indivi duals with elevated bone resorption, tumor-derived factors other than RANKL probably contribu te to the increased osteoclast activity.
Osteoblastic mediators
As with osteolytic tumors, an accumulating weight of data implicate a variety of factors in the stimulation of bone formation associated with metastatic prostate cancer (Figure 3 ).
Growth factors
A major challenge in prostate cancer biology is the lack of understanding of the mechanisms of prostate cancer progression and the development of bone metastases. Prostate cancer cells express a large variety of growth factors capable of activating resident bone and bone marrow cells, [93] [94] [95] for example, acidic and basic fibroblast growth factors (FGFs), 96, 97 as well as bone morpho genetic proteins (BMPs). 98 The expression of these potent osteoblast stimulatory factors is a potential mediator of the profound osteoblast proliferation and bone formation observed in patients with bone metastasis that arise from prostate cancer.
BMPs, originally characterized as inducers of bone formation, were later demonstrated to play an important part in the regulation of cell growth and differentiation. 99 Multiple BMPs and their cognate receptors (BMPRs) are expressed in normal prostate and prostate cancer cells. [100] [101] [102] Altered expression and function of BMPs and BMPRs has been reported during prostate development and prostate cancer progression, and numerous reports have demonstrated effects of BMP on proliferation, invasiveness and growth of prostate cancer cells in bone in vivo. 103, 104 However, at present, the effects of specific BMPs on osteoblastic tumor progression are inconclusive, given the inconsistency of published results. 98 The FGF family currently consists of 22 ligands that bind and activate multiple FGF receptor (FGFR) isoforms. The well-established roles of FGFs and FGFRs were initially identified during embryonic development; the FGF-FGFR2 axis was linked to the embryonic development of both the mammary and prostate glands, 105 hence, the interest in these molecules in the regulation of prostate cancer development and progression. Expression of FGFs is elevated in prostate cancer, and these factors can potentially act in either a paracrine or autocrine manner. 106 In addition to the ligands, prostate cancer progression has been associated with the expression of specific FGFR isoforms, primarily FGFR1 and FGFR4. Activation of FGFRs results in the stimulation of a variety of signal transduction pathways such as phospholipase Cγ (PLCγ), phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK) and signal transducers and activators of transcription (STAT). 106 The finding of overexpression of FGF10 in prostate stroma 107 and of FGFR1 in prostate epithelium 108 support the idea that FGF10 helps drive prostate cancer tumorigenesis. Similarly, FGFs also seem to regulate the osteoblastic response to bone metastases from prostate cancer. Both acidic and basic FGFs (FGF1 and FGF2) cause the profound stimulation of bone formation in vivo. [109] [110] [111] FGF2 was also shown to stimulate the pro liferation and differentiation of osteoblasts via the concomitant upregulation of both RUNX2 and BMP2. 112 Whether this regulation of bone formation via FGF2 also has a role in the formation of bone formation during bone metastasis from prostate cancer remains undetermined.
Wnt signaling
Wnts comprise a large family of secreted glycoproteins that perform a variety of important biologic functions. Members of the Wnt family bind a membrane-bound receptor complex containing the G-protein coupled receptor frizzled (FZD) and an LDL receptor family member. In the past years, canonical Wnt signaling has been shown to play a central part in normal osteoblast development and bone formation. 113 This idea has been extended of late to suggest that Wnts also have a paracrine acti vity to regulate bone formation in bone metastasis from prostate cancer. 114 Prostate cancer cells that metastasize to bone have been reported to secrete dickkopf-related protein 1 (DKK1), a secreted Wnt antagonist, early in the develop ment of the skeletal metastasis. 115 As the bone meta stasis progresses, DKK1 expression decreases, leading to a Wntmediated increase in osteoblastic activity, which causes the well-described secondary osteoblastic lesions of prostate cancer. 115 In addition, the effects of endothelin-1 to increase osteoblast proliferation and new bone formation also seem to be associated with activation of the Wnt signaling pathway via suppression of the Wnt pathway inhibitor DKK1. 116 In sum, these data reinforce the critical need to consider the context of the tumor-stroma microenvironments when investigating pathways rele vant to the metastatic progression of cancer.
Metastases and clinical outcome
The growth of disseminated tumor metastases is a major cause of mortality in patients with cancer. For example, the early diagnosis of breast cancer in the absence of metastases is associated with a 5-year survival of around 90%. How ever, in the presence of metastasis, long-term survival is significantly less (10%). 12 Nonetheless, the development of bone metastases from breast cancer is associated with considerably better patient prognosis than a metastasis in other tissues. 12 In patients with aggressive tumor growth at the primary site, bone metastases are relatively uncommon. This finding does not mean that, in these particular instances, the tumor cells do not have the ability to grow avidly in bone, but that they may not have had the opportunity to do so. Breast cancer cells can also enter the lymphatic system, where they travel to the sentinel nodes in the axilla and inter costal spaces. This invasive step is considered an indication of the aggressive ness of the particular tumor. Patients with histologically confirmed negative lymph nodes and only the primary tumor (stage I) are considered curable, 117 as are patients with later-stage breast cancer. However, 15% of patients with stage I tumors, with little or no lymph node involvement, may go on to later develop metastasis in different tissues. 117 Invasion of the lymph nodes should be considered as an early step in the metastatic cascade and one that can lead to bone metastasis by drainage of tumor cells back into the systemic circulation.
Prostate cancer also frequently metastasizes to bone, as approximately 90% of men with high-grade prostate cancer show evidence of skeletal lesions. 118 Even if localized to the prostate, a 15-20% incidence of subsequent metastatic disease has been reported. 118 
Treatment
For patients with overt bone metastases, current treatment objectives are designed to decrease tumor burden, prevent further progression and metastasis and inhibit tumor-associated bone pathology, such as pathologic fracture, pain or hypercalcemia. 11 Several local bone metastasis treatment strategies are primarily palliative in nature; individual lesions are surgically excised and the tumor 'bed' irradiated, either before or after surgery. The decision for or against surgery and/or radiation, alone or in combination with select bone-targeted agents, is profoundly influenced by the extent of systemic disease at the time of treatment.
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The concept that bone resorption and bone formation are critical for the progression of bone metastasis suggests that, if osteolysis is disrupted, then not only a decrease in bone resorption but also a decrease in tumor burden in bone, and thus potentially an increase in bone mass and strength, will occur. As the bone micro environment is essential for the growth and aggressive behavior of metastatic cancers in the skeleton, the clinical rationale for the development of specific inhibitors of bone resorption and activators of osteoblastic activity is obvious. To date, other therapeutic regimens, which include but are not limited to bisphosphonates, are available for the treatment of cancer patients with bone metastases. 87, 119 In fact, treatment with bisphosphonates has shown a decrease in bone resorption and improved disease-free survival even in premenopausal patients with estrogen-responsive early-stage breast cancer. 120 Similarly, the increased understanding of the role of the bone-tumor microenvironment has been translated into the development of additional bone-targeted therapies, such as denosumab. This agent is FDA-approved for the prevention of fractures and skeletal problems in patients with bone metastases from solid tumors. Denosumab treatment (at higher and more frequent doses than those used in patients with osteoporosis) delayed the time to a first skeletal-related event compared with the bisphosphonate zoledronic acid in patients with bone metastases from breast or prostate cancer. 121 
Conclusions
The discussion above strongly supports the notion that the bone marrow represents a supportive environment that protects metastatic cancer cells during the process of metastasis. This idea should also be extended to include the notion that the bone marrow microenvironment is a tumor-cell-friendly zone, from which metastatic cells can progress to become a bone metastasis, seed other organs or even reseed the site of the original primary tumor. Indeed, although the interaction between osteoclasts and tumor cells is crucial, the interactions between tumor cells and the cells resident in the bone marrow microenvironment, such as immune cells and the bone marrow stroma, are equally important. If correct, the current concept behind the development of treatments for bone metastasis, namely bone targeting, requires substantial revision. 45 This idea also raises several fundamental and important questions. How do tumor cells that manage to metastasize to the bone marrow microenvironment remain dormant, sometimes for decades? What markers can be used to identify metastatic tumor cells in vivo? Does a specific bone marrow microenvironment represent the cancer cell niche? If this niche exists, how can it be identified, targeted, protected or blocked? Will the consequence of the inhibition of bone metastasis be increased soft tissue metastasis?
Increasing evidence supports the idea that particular patient parameters, such as tumor cells in the bone marrow, may mediate the response to therapy and perhaps even the recurrence patterns in individual patients. 122 Therefore, the continued elucidation of characteristics of the bone marrow microenvironment responsible for mediating these diverse effects represents a valid thera peutic target, with the potential to improve patient care. Such studies are the focus of a large number of ongoing investigations, the results of which we optimistically and eagerly await. It is our belief that, as the pathways leading to the development of metastatic bone lesions are defined, more effective therapies that target the bone marrow micro environment and/or tumor progression, in addition to bone destruction, will surely follow.
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